Introduction {#Sec1}
============

The conceptualization of "unawareness dysfunction" by Gabriel Anton and Arnold Pick in 1882 focused on the awareness of illness in the mentally sick, thereby marking the start of the contemporary era of the neuropsychological study of anosognosia (Marková & Berrios, [@CR48]). Joseph Babinski introduced the term anosognosia (from the Greek, α = without, νόσζ = disease, γνώσιζ = knowledge) in 1914 in Revue Neurologique. In his work, Babinski already offers insightful speculation that anosognosia may be specific to right hemispheric lesions and noted that, after some time, both described patients progressed to dementia (Langer & Levine, [@CR44]). Recent research tends to define anosognosia by subtype or etiology: hemiplegic, cortical blindness, Anton's syndrome, visual field defect, traumatic brain injury, multiple sclerosis, Parkinson's disease, Alzheimer's disease (AD), mild cognitive impairment (MCI), frontotemporal dementia and Huntington's disease (Nurmi Laihosalo & Jehkonen, [@CR61]; Prigatano, [@CR70]). Patients with alterations in their self-awareness must show evidence of underlying brain pathology to be classified as having anosognosia or impaired self-awareness (Prigatano, [@CR70]).

The cognitive decline continuum in Alzheimer's disease can be divided into three stages, a preclinical, a prodromal and a clinical (Sperling et al., [@CR82]). Mild cognitive impairment (MCI) is the transitional cognitive state between normal aging and mild dementia (Petersen et al., [@CR68]). Of particular interest is amnestic mild cognitive impairment (aMCI) due to its emphasis on memory loss. While an important percentage of MCI patients remain stable for years or even revert to normal, patients with MCI, particularly aMCI, have a higher risk to progress to AD (Albert et al., [@CR1]). In comparison to anosognosia due to focal lesions, anosognosia of memory deficits in dementia is less specific, in part, because patients underestimate their deficits in multiple domains (Wilson, Sytsma, Barnes, & Boyle, [@CR104]). The incidence and prevalence of anosognosia of memory deficits has a large variability across dementia populations. The lack of a consensus in the diagnosis of anosognosia for memory deficits, as reflected by a large number of anosognosia screening instruments, contributes to the lack of specificity in the diagnosis and to the wide range in the prevalence of anosognosia in dementia. Factors that influence prevalence estimation are patient selection, which may be biased, assessment heterogeneity and lack of consensus on a severity scale (Wilson et al., [@CR104]). Anosognosia for activities of daily living (ADL) deficits can be present from an early stage of AD and has a reported frequency between 20 and 80% (Starkstein, [@CR84]). Patients with mild or moderate AD have a reported incidence between 21.0 and 38.3% and a prevalence between 24.2 and 71.0% for anosognosia (Starkstein, Brockman, Bruce, & Petracca, [@CR85]; Castrillo-Sanz et al., [@CR8]; Turró-Garriga et al., [@CR93]). Cross-cultural assessment of the differences in unawareness of memory deficits in a large community-based study reports regional differences in the frequency of anosognosia, from 81.2% in India to 72.0% in Latin America and 63.5% in China (Mograbi et al., [@CR55]). Recently, in an analysis of ADNI data, anosognosia has been identified as an independent predictor of conversion from MCI to AD (Gerretsen et al., [@CR30]). Clinical data associate anosognosia to diverse dementias, and vice versa, clinical pathological studies suggest that dementia-related pathologies account for most cases of late-life anosognosia (Wilson et al., [@CR104]).

While anosognosia is common in both AD and MCI patients, it is also associated with cognitive dysfunction and apathy in AD (Mak, Chin, Ng, Yeo, & Hameed, [@CR47]; Spalletta, Girardi, Caltagirone, & Orfei, [@CR80]). Furthermore, MCI patients underestimate their memory deficits (Vannini et al., [@CR96]). Anosognosia of memory deficits is a clinically heterogeneous entity and can have a neuropsychological presentation that overlaps with apathy and depressive symptoms. However, to further understand the underpinnings of the differences between these neuropsychological symptoms, studies comparing amnestic or multiple domain MCI with and without anosognosia are needed. Anosognosia can be a byproduct of low-level perceptual deficits when it is associated with higher level deficits such as memory or intellectual impairments (Davies, Davies, & Coltheart, [@CR18]; Turnbull, Fotopoulou, & Solms, [@CR92]; Vuilleumier, [@CR98]). There is no official method to diagnose anosognosia in AD, yet neuropsychiatric assessment by an experienced clinician complemented with additional information provided by an informant is considered the gold standard (Starkstein, [@CR84]). Classification of anosognosia in a review of 64 studies in 2014 was assessed with 41 different methods, which reflects the lack of conceptual clarity and methodological consistency (Nurmi & Jehkonen, 2014). A gradual increase in the number of assessment batteries for anosognosia is reflected in the number of new measures that have become available in the last four decades, six new methods from 1978 to 1989 and 21 new methods from 2002 to 2013 (Nurmi Laihosalo & Jehkonen, [@CR61]). Experimental assessment of anosognosia can be either direct or indirect, tailored to the subtype that the investigator wishes to evaluate. Because of the variability in diagnostic approaches, generalizations of results involving patients with anosognosia should be made carefully, as possible effects of patient selection, assessment methods, subtypes assessed and assessment time can impact the prevalence (Nurmi Laihosalo & Jehkonen, [@CR61]; Orfei et al., [@CR65]). Depression and anosognosia of memory deficits have been previously associated in patients with cognitive impairment. Patients with MCI without depressive symptoms can evaluate their memory impairment more accurately than those with depressive symptoms and patients with AD (Oba et al., [@CR62]). Furthermore, patients who are aware of their memory loss are more likely to be depressed than those who suffer from anosognosia of memory deficits (Clare et al., [@CR10]; Harwood, Sultzer, & Wheatley, [@CR34]; Reed, Jagust, & Coulter, [@CR71]). When compared to AD patients, patients with depression overestimate their memory abilities (Dalla Barba, Parlato, Iavarone, & Boller, [@CR16]). However, knowledge of awareness of illness in mood disorders is limited and hence the assessment of directionality or reciprocal association between anosognosia of memory deficits and depression is currently unclear (Orfei, Robinson, Bria, Caltagirone, & Spalletta, [@CR64]). Another factor that complicates interpretation of such association is the fact that depressive symptoms have been linked to other forms of cognitive decline (e.g. vascular dementia and frontotemporal dementia; De Carolis et al., [@CR19]), while other studies have failed to associate anosognosia and depression (Mak et al., [@CR47]; Spalletta et al., [@CR80]). For additional factors that influence the level of awareness in MCI, we refer the reader to the work by Piras, Piras, Orfei, Caltagirone, and Spalletta ([@CR69]) and to the work of Orfei et al. ([@CR64]) for a discussion of awareness of illness in neuropsychiatric disorders.

Due to their high spatial resolution and low invasiveness, several functional neuroimaging techniques have been used to assess the neural correlates of anosognosia. Single photon emission computed tomography (SPECT) permits the measurement of regional cerebral blood flow, a measure of brain perfusion. Measurement of brain metabolism is possible with positron emission tomography (PET), while brain activation and connectivity can be determined with functional magnetic resonance imaging (fMRI). Impaired self-awareness and functional neuroimaging changes in cortical midline structures have previously been associated with neurodegenerative diseases in general, with dementia, and more specifically with AD. In neurodegenerative diseases (i.e. AD, frontotemporal dementia, Parkinson's disease, Huntington's disease, MCI and amyotrophic lateral sclerosis), impaired self-awareness has been linked to structural and functional neuroimaging abnormalities in the hippocampus, amygdala and temporopolar, entorhinal, perirhinal and posterior parahippocampal cortices (Chavoix & Insausti, [@CR9]). In dementia patients, the neuroanatomical correspondents of unawareness are the frontal, medial parietal and lateral parietotemporal regions. These regions have been associated with the cognitive processing of self- and other-related information and are part of the default mode network (Zamboni & Wilcock, [@CR108]). Alterations in cortical midline structures and default mode network intrinsic brain activity among AD patients have provided insight into the processing of self-related information (Weiler, Northoff, Damasceno, & Balthazar, [@CR101]). Neuropathological, structural and functional changes in the medial temporal lobe have been found in patients with different neurodegenerative diseases who overestimate their performance in cognitive, socioemotional, or daily life activities (Chavoix & Insausti, [@CR9]).

Previous neuroimaging reviews exploring the neural correlates of impaired self-awareness (Chavoix & Insausti, [@CR9]) and brain correlates of unawareness of cognitive and behavioral symptoms (Zamboni & Wilcock, [@CR108]) have attempted to associate deterioration of self-awareness to brain regions that show a diverse range of changes (functional, structural, and neuropathological) compared to persons without impaired self-awareness. In these reviews, the results from different neuroimaging techniques were combined, thereby strengthening the association between brain regions and impaired awareness by providing multiple perspectives to the same phenomenon. However, due to the intrinsic differences between neuroimaging techniques and interpretation of their results, analysis of the results based on technique rather than on changes in brain regions alone may provide a further understanding of anosognosia. Anosognosia in MCI and AD can be investigated in two different ways with functional neuroimaging. First by investigating self-referential tasks and secondly by studying connectivity. While task-related functional neuroimaging provides insight into functional segregation and localization of function, connectivity studies permit the study of neural processes in terms of functional integration.

Changes in the default mode network are detectable before dementia symptoms arise and functional connectivity is a promising biomarker for longitudinal studies in AD (Dennis & Thompson, [@CR22]). Within and between network measures of brain connectivity obtained from fMRI allow for between-group comparisons. Network measures facilitate understanding of changes in the intranetwork and internetwork functional connectivity throughout the cognitive decline continuum (Zhu et al., [@CR109]). Functional connectivity is defined as statistical dependencies among remote neurophysiological events (Friston, [@CR27]). Functional MRI studies allow for the assessment of functional connectivity patterns associated with the generation and modulation of neural networks associated with decreased self-awareness in MCI and AD (Friston, [@CR27]). While aging affects functional brain interactions, AD additionally specifically affects coherence between posterior default mode network and precuneus (Klaassens et al., [@CR43]). Longitudinal functional connectivity data in AD patients compared to healthy subjects suggest disease-specific affected regions, namely, the frontoparietal network and precuneus (Hafkemeijer et al., [@CR31]). The whole network analysis in the latter study revealed decreased mean connectivity in the frontoparietal network, while the network to region analyses reported a decrease over time in functional connectivity between the precuneus and the right frontoparietal network (Hafkemeijer et al., [@CR31]). It has been suggested that the topological architecture of the functional connectome in amnestic MCI patients is disrupted and that its integrity is correlated to memory performance (Wang et al., [@CR100]). Reduced regional resting state activity in amnestic MCI patients compared to healthy subjects has been found in the posterior cingulate cortex, right angular gyrus, right parahippocampal gyrus, left fusiform gyrus, left supramarginal gyrus and bilateral middle temporal gyri (Lau, Leung, Lee, & Law, [@CR45]).

The aim of this review is to identify brain perfusion patterns, activation regions, and network connectivity characteristics that distinguish AD and MCI patients with anosognosia from healthy controls, as well as AD and MCI patients without anosognosia. To address this task, a systematic review was most appropriate. We contend that AD and MCI patients with anosognosia will have different brain perfusion patterns, activation patterns, and network connectivity compared to AD and MCI patients without anosognosia and healthy controls. These patterns will be characterized by topological changes affecting the posterior cingulate cortex, precuneus and angular gyrus (i.e. posterior default mode network) in early stages and the frontotemporal (i.e. anterior cingulate and medial prefrontal cortices) and parietotemporal regions (i.e. mediotemporal lobe and inferior parietal lobule), following a posterior to ventral, and anterior to dorsal gradient, in later stages. We expect that functional connectivity studies will provide further understanding, as network connectivity can serve as a potential biomarker for MCI (Franzmeier et al., [@CR26]; Wang, Li, et al., [@CR100]; Wang et al., [@CR99]). A secondary aim of this review was to identify regional brain activation differences between self-appraisal task execution and resting state in AD and MCI patients with anosognosia and to provide a suitable conceptual model to explain these activation patterns. Activation differences in self-appraisal task execution and functional connectivity patterns observed in resting state fMRI have the potential to provide understanding of the self-referential processing of anosognosia in MCI and AD.

Methods {#Sec2}
=======

Study Selection {#Sec3}
---------------

A systematic review of the literature was performed on PubMed, EMBASE, and PsycINFO databases in March 2018. Since the aim of the review was to identify the neural correlates of anosognosia, only indirect measures of neural activity were included in this review as the spatial resolution of these techniques is superior to that of direct techniques (e.g. electroencephalography and magnetoencephalography) which provide a better temporal resolution but a limited spatial resolution. The identification phase included no limit (i.e. any year, language, and publication status), which was followed by application of neuroimaging search terms. Identical no limits search strategies with a priori variables were realized on each database and reported according the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (Moher et al., [@CR56]) for the search terms anosognosia, self-appraisal, insight, awareness, and consciousness combined with each of the following terms: dementia, Alzheimer, and mild cognitive impairment. This broad no-limit search was initially performed using the search terms commonly associated with anosognosia or impaired awareness of memory loss as there is a heterogeneous reporting system for this clinical entity.

Following the initial search, neuroimaging search terms were applied to the results using the search terms: MRI, PET, SPECT, connectivity, activation, perfusion and metabolism. These search terms were selected to assure consistency with the aim of this review, which was to identify the neural correlates of anosognosia and self-awareness of memory loss through (indirect) neuroimaging techniques. The search terms connectivity, activation, perfusion, and metabolism were chosen to specifically target result characteristics of neuroimaging connectivity and metabolism studies. Specific sequences (e.g. Blood oxygen level dependent, diffusion tensor imaging, spectroscopy), modalities (e.g. fMRI both resting state and task related), and radioligands (e.g. 18F fluorodeoxyglucose, Pittsburgh compound B, Florbetapir, 123I iodoamphetamine, Technetium 99 m) were not chosen as search terms since one of the goals of this review was to include as many neuroimaging, connectivity and brain metabolism studies performed in human subjects as possible. A list of search terms and their combinations used in the search strategy can be found in the appendix (Supplemental Tables [6](#MOESM1){ref-type="media"}--[8](#MOESM1){ref-type="media"}). Retrieved abstracts were screened by two of the authors to eliminate duplicate articles and articles not reporting neuroimaging data.

The resulting articles were selected for eligibility in a two-step process. First, by applying diagnosis and article type inclusion and exclusion criteria, done by two of the authors, followed by application of the neuroimaging inclusion and exclusion criteria, done by two of the authors. The inclusion criteria were: 1) articles published in English in a peer-reviewed journal, 2) human subjects diagnosed with AD according to the National Institute on Aging--Alzheimer's Association (McKhann et al., [@CR51]) or a previous version of these criteria (McKhann et al., [@CR50]) or Diagnostic and Statistical Manual of Mental Disorders (all criteria), 3) MCI subjects diagnosed with the Petersen criteria (Petersen et al., [@CR68]; Winblad et al., [@CR105]) or National Institute on Aging--Alzheimer's Association criteria update (Albert et al., [@CR1]), 4) a validated screening method for anosognosia or task to assess self-appraisal was employed, 5) the results and discussion incorporated neuroimaging data and analysis, 6) the discussion associated neuroimaging results to anosognosia. The exclusion criteria were: 1) a review article, 2) inclusion of subjects with other neurodegenerative disorders (not including MCI or AD), 3) neuroimaging was only used as classification or screening instrument, 4) only structural imaging analysis was performed, 5) inclusion of subjects with language or comprehension impairment, and 6) inclusion of patients with known genetic risk for early-onset AD. The inter-rater agreement (i.e. Cohen's kappa) was 0.902. Articles that required interpretation of their methods or had uncertain information (e.g. regarding self-awareness measurement technique) were reviewed by two of the authors (J.D.M and P.P.D.D.) and a consensus about their inclusion was reached. For the data collection process, all articles were available and downloaded from the University of Groningen Central Library databases and data extraction was undertaken by one of the authors and verified by the three authors.

Data Assessment and Analysis {#Sec4}
----------------------------

After eligibility assessment, a table extracting data from each article was created to evaluate the selected references. The articles were evaluated on the sociodemographic and clinical data, anosognosia assessment, neuroimaging analysis, and findings. Among the sociodemographic data evaluated were the type of population included (e.g. mild, moderate or severe stage of AD, MCI, amnestic MCI, healthy matched controls, young controls, AD with anosognosia, MCI with anosognosia), population size, age, male to female ratio, and education in years. The clinical data examined were the diagnostic criteria implemented for study inclusion, the cognition screening instrument used and operational definition parameters used to classify dementia, Mini mental state examination mean score, other neuropsychological assessments performed and whether the patients were taking any psychotropic medication (e.g. acetylcholinesterase inhibitors, selective serotonin reuptake inhibitors, antipsychotics, and benzodiazepines). Regarding anosognosia assessment, the measurement technique or questionnaire was noted, the method of awareness assessment was classified into discrepancy score between patient and informant or self-accuracy discrepancy score or expert classification only. All articles were classified based on the neuroimaging technique used (e.g. fMRI, PET or SPECT). Furthermore, the articles were classified based on the type of functional neuroimaging results reported (e.g. connectivity, activation or metabolism and perfusion).

After functional neuroimaging classification, a division between connectivity studies and metabolism studies (i.e. SPECT, PET, and activation only fMRI) was performed for further analysis. The functional neuroimaging results of each study included in the review were evaluated based on three characteristics: 1) the diagnosis of the population included, 2) the assessment method for awareness of memory deficit, 3) interpretation of the functional neuroimaging results. The Cochrane Collaboration recommends assessing the methodological quality of studies evaluating diagnostic tests using the following individual quality items: patient spectrum, reference standard, disease progression, partial verification, differential verification, test and diagnostic review, clinical review, uninterpretable results, and withdrawals (Reitsma et al., [@CR72]). An open assessment of the risk of bias was performed based on the Cochrane Review Handbook for Diagnostic Test Accuracy (The Cochrane Collaboration, London). The modified Quality Assessment of Diagnostic Accuracy Studies checklist part of the Cochrane RevMan 5.3 software (The Nordic Cochrane Center, Copenhagen [@CR90]) was used to assess the internal validity of each study included in the review. Decisions about the risk of bias items that required judgment or interpretation were discussed and a consensus was reached between the authors. To assess external validity of the articles included in this review, risk of bias tables were generated (Supplemental Table [1](#MOESM1){ref-type="media"} and Supplemental Figs. [1](#MOESM1){ref-type="media"} and [2](#MOESM1){ref-type="media"}) to examine the tendencies and future direction of research. For discussion purposes, we review the results according to study design. Two different study designs are included in this review, case-control studies (i.e. dichotomization into two groups, anosognosia or without anosognosia) and studies that correlate awareness of memory deficit with clinical status (i.e. correlation of awareness to brain perfusion, metabolism, activation or connectivity). Case-control studies comparing MCI or AD patients with anosognosia (the cases) to MCI or AD patients without anosognosia (the controls) allow for a dichotomized comparison of awareness of memory deficits. For these studies, we will refer to the impairment of memory awareness as anosognosia. This approach has the advantage of detecting specific regional differences in neural correlates of anosognosia, yet with limited capacity to assess awareness of memory deficits continuously. Similarly, we will refer to the impairment of memory awareness as unawareness of memory deficit to those studies that measure awareness as a continuous variable and studies that correlate awareness to indirect measures of neural activity (i.e. neuroimaging outcomes). In contrast to anosognosia studies that focus on unawareness status, unawareness of memory deficit studies provide a continuous perspective on anosognosia, nonetheless, with a limited proficiency to differentiate cases from controls.

Results {#Sec5}
=======

The without-limit review of the literature yielded 3516 results from PubMed, 3564 results from EMBASE and 3614 results from PsychINFO. Figure [1](#Fig1){ref-type="fig"} shows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart of the selection process. After the neuroimaging search terms were applied, database results narrowed to 612 results for PubMed, 432 results for EMBASE and 189 results for PsychINFO. The titles and abstracts of the with-limits results were reviewed, yielding 102 articles not duplicated. These articles were screened for eligibility by applying diagnosis and article type inclusion and exclusion criteria. Twenty-one articles were excluded, as five studied patients with frontotemporal dementia and 16 were review articles. In the second step of the eligibility process, the remaining 81 articles were further assessed and neuroimaging inclusion and exclusion criteria were applied. Fifty-six articles were excluded, with 42 articles not having a validated screening method for anosognosia or not having neuroimaging analysis and another 11 articles focusing on structural neuroimaging techniques. The final three articles were excluded during the data extraction process after a consensus was reached that two (Genon et al., [@CR29]; Gaubert et al., [@CR28]) failed to associate neuroimaging results with anosognosia in their discussion, while one study included patients with clinical and imaging findings suggesting other neurodegenerative or vascular pathologies into the imaging analysis (Ott, Noto, & Fogel, [@CR66]). Twenty-five articles met all inclusion parameters and were further evaluated in this systematic review, specifically, four brain connectivity and 21 brain perfusion, metabolism, and activation articles. The references of the included articles were examined in a search for additional literature, yielding no additional studies. A meta-analysis, however, could not be performed, as we found that the studies being evaluated lacked sufficient similarity regarding the population, anosognosia assessment method, and neuroimaging outcome measures to justify the statistical combination of the results.Fig. 1Preferred Reporting Items for Systematic Reviews and Meta-Analyses patient selection flowchart. FTD: frontotemporal demetia

Study Characteristics {#Sec6}
---------------------

### Brain Perfusion {#Sec7}

Brain perfusion was investigated using SPECT in ten articles. A summary of SPECT study characteristics may be found in Table [1](#Tab1){ref-type="table"}. Five used N-isopropyl-p-\[123I\]-iodoamphetamine (Derouesné et al., [@CR24]; Hanyu et al., [@CR32]; Reed et al., [@CR71]; Shibata et al., [@CR79]; Tagai et al., [@CR89]), four used Technetium-99 m-hexamethylpropyleneamine oxime (Sedaghat et al., [@CR78]; Starkstein et al., [@CR86], [@CR83]; Vogel et al., [@CR97]) and one used Technetium-99 m-ethyl-cysteinate dimer (Mimura & Yano, [@CR53]) as radioligands. These studies included heterogeneous population samples. One article compared AD patients to healthy controls (Mimura & Yano, [@CR53]) and four articles contrasted AD patients with and without anosognosia or aware versus unaware of memory deficits patients (Hanyu et al., [@CR32]; Sedaghat et al., [@CR78]; Starkstein et al., [@CR86]; Tagai et al., [@CR89]). Three articles were observational studies that correlated awareness performance and regional cerebral blood flow in the AD population (Derouesné et al., [@CR24]; Reed et al., [@CR71]; Shibata et al., [@CR79]), one carried out this same correlation comparing AD and ischemic vascular dementia patients (Starkstein et al., [@CR83]) and another compared mild AD versus amnestic MCI (Vogel et al., [@CR97]). The cognition screening instruments used were the Mini mental state examination in all SPECT studies while five additionally used the Clinical Dementia Rating for patient severity classification (Hanyu et al., [@CR32]; Mimura & Yano, [@CR53]; Sedaghat et al., [@CR78]; Vogel et al., [@CR97]; Tagai et al., [@CR89]).Table 1Characteristics of brain perfusion studiesReferencePopulationStudy populationMMSEAnosognosia measurement instrumentNeuroimage techniqueFindingsInterestHCInterestHCReed et al., [@CR71]AD20NA19.5 (4.5)NAAnosognosia clinical rating scaleSPECT (123I-IMP)Hypoperfusion of right dorsolateral frontal lobe.Starkstein et al., [@CR86]AD12 AD anosognosiaNA18.5 (4.7)NAAQ-DSPECT (99mTc - HMPAO)Hypoperfusion of right frontal lobe (frontal inferior and frontal superior).12 AD without anosognosia19.1 (5.6)Starkstein et al., [@CR83]Ischemic vascular dementia vs AD20 ADNA19.9 (6.3)NAAQ-DSPECT (99mTc - HMPAO)IVD patients showed hypoperfusion in frontal regions and basal ganglia compared with AD patients.10 IVD19.0 (7.1)Derouesné et al., [@CR24]Mild AD78NA22.5 (3.2)NACognitive Difficulties Scale and Anosognosia clinical rating scaleSPECT (123I-IMP)Hypoperfusion of frontal regions correlated to decreased awareness.Vogel, Hasselbalch, Gade, Ziebell, & Waldemar, [@CR97]Mild AD vs aMCI30 ADNA24 (2.5)NAMemory QuestionnaireSPECT (99mTc - HMPAO)Hypoperfusion of right inferior frontal gyrus in AD/aMCI patients with anosognosia.25 aMCI26 (2.06)Mimura et al., 2006Mild and moderate AD242022.3 (3.8)28.8 (1.0) HC1; NA for HC2Awareness of memory experimental paradigmSPECT (99mTc-ECD)Positive correlations between awareness performance and rCBF in the medial frontal lobe, right precuneus and inferior frontal gyrus found in aware controls when compared to AD group.Hanyu et al., [@CR32]AD aware vs unaware19 AD awareNA25.5 (1.1)NAEvery day Memory ChecklistSPECT (123I-IMP)Hypoperfusion of lateral and medial frontal lobes, anterior cingulate and cingulate gyri of both hemispheres and the inferior parietal region of the left hemisphere.19 AD unaware25.8 (1.3)Shibata, Narumoto, Kitabayashi, Ushijima, & Fukui, [@CR79]AD29NA21.2 (2.9)NAQuestionnaire adapted from Squire and ZouzounisSPECT (123I-IMP)Hypoperfusion of bilateral orbitofrontal cortex (simple regression between rCBF and anosognosia scores).Sedaghat et al., [@CR78]1.AD with vs without anosognosia22 AD anosognosiaNA18 (4)NANon-structured interviewSPECT (99mTc - HMPAO)Hypoperfusion of right prefrontal, right inferior parietal and bilateral medial temporal cortex.20 AD without anosognosia21 (4)Tagai et al., [@CR89]AD with vs without anosognosia11 AD anosognosiaNA20.4 (4.6)NAAQ-DSPECT (123I-IMP)Hypoperfusion of right prefrontal cortex and Hyperperfusion of left temporo-parietal junction20 AD and 6 MCI without anosognosia20.4 (4.6)*123I-IMP* N-isopropyl-p-\[123I\]-iodoamphetamine, *99mTc-ECD* Technetium-99 m-ethyl-cysteinate dimer, *99mTc-HMPAO* Technetium-99 m-hexamethylpropyleneamine oxime, *AD* Alzheimer's disease, *aMCI* amnestic mild cognitive impairment, *AQ-D* Anosognosia Questionnaire Dementia, *HC* healthy controls, *IVD* ischemic vascular dementia, *MMSE* Mini-mental state examination, *NA* Not applicable or not available, *SPECT* single-photon emission computed tomography

The measurement instruments used to assess anosognosia were the Anosognosia Questionnaire for Dementia in three articles (Starkstein et al., [@CR86], [@CR83]; Tagai et al., [@CR89]), a customized anosognosia clinical rating scale (Reed et al., [@CR71]), the Memory Questionnaire (Vogel et al., [@CR97]), an awareness of memory experimental paradigm based on the Auditory Verbal Learning Test (Mimura & Yano, [@CR53]), the Everyday Memory Checklist (Hanyu et al., [@CR32]), a questionnaire adapted from Squire and Zouzounis' (Shibata et al., [@CR79]), multiple interviews (Sedaghat et al., [@CR78]) and a combination of anosognosia clinical rating scale and the Cognitive Difficulties Scale discrepancy score (Derouesné et al., [@CR24]). Anosognosia Questionnaire for Dementia is a 30-item scale measuring awareness of functional deficits and behavioral changes in which the responses from the patient are compared to those from the informant (Migliorelli et al., [@CR52]). The Everyday Memory Checklist is a questionnaire consisting of 13 questions concerning areas of daily life, while the Squire and Zouzounis questionnaire includes 20 items concerned with aspects of memory function, both questionnaires are administered and scored in a similar manner as the Anosognosia Questionnaire for Dementia (Shibata et al., [@CR79]; Wilson, Cockburn, Baddeley, & Hiorns, [@CR103]). The customized anosognosia clinical rating scale used by Reed et al. ([@CR71]), which was later adapted by Vogel and colleagues (Vogel et al., [@CR97]) as the Memory Questionnaire, is a categorical four-point scale where a clinical neuropsychologist or clinical expert rates the overall impression of the level of awareness into: 'Full awareness', 'shallow awareness', 'no awareness', and 'denies impairment'. The Auditory Verbal Learning Test was used to compare the prediction and postdiction performance on the 15-item list of words recognition test as an awareness of memory experimental paradigm. The Cognitive Difficulties Scale is a 37-item self-rated questionnaire which assesses the experience with everyday life activities, the index used by Derouesné and colleagues (Derouesné et al., [@CR24]) assesses unawareness of cognitive deficits like Anosognosia Questionnaire for Dementia.

### Brain Metabolism {#Sec8}

Seven studies correlated 18F fluorodeoxyglucose brain metabolism to the level of awareness of memory deficit. A summary of PET study characteristics may be found in Table [2](#Tab2){ref-type="table"}. Two studies included exclusively mild to moderate AD patients (Harwood et al., [@CR33]; Salmon et al., [@CR77]), one study included mild to severe AD patients (Sultzer et al., [@CR87]), another compared early AD patients to healthy controls (Jedidi et al., [@CR40]), one study compared both early AD and amnestic MCI to healthy controls (Gerretsen et al., [@CR30]), and two studies compared aware versus unaware of memory deficits patients with amnestic MCI to healthy controls (Nobili et al., [@CR58]; Therriault et al., [@CR91]). The cognition screening instruments used were the Mini mental state examination (Harwood et al., [@CR33]), the Clinical Dementia Rating (Nobili et al., [@CR58]; Salmon et al., [@CR77]), the Mattis dementia rating scale (Jedidi et al., [@CR40]; Sultzer et al., [@CR87]), while one study used the combination of the Mini mental state examination and Clinical Dementia Rating (Therriault et al., [@CR91]), and another a combination of the Mini mental state examination, Montreal Cognitive Assessment and Clinical Dementia Rating (Gerretsen et al., [@CR30]). Anosognosia was assessed using the inaccurate insight item of the Neurobehavioral Rating Scale (Harwood et al., [@CR33]; Sultzer et al., [@CR87]), an experimental questionnaire designed for the Network for Efficiency and Standardization of Dementia Diagnosis (Salmon et al., [@CR77]), the Memory Complaint Questionnaire (Nobili et al., [@CR58]), the Klein and colleagues' personality traits questionnaire (Jedidi et al., [@CR40]), and the Everyday Cognition Scale (Gerretsen et al., [@CR30]; Therriault et al., [@CR91]). The inaccurate insight item of the Neurobehavioral Rating Scale is based on 12 items where the patient's ideas and plans are contrasted with objective information obtained by the examiner from the clinical interview, cognitive testing and informant report (Harwood et al., [@CR33]; Sultzer et al., [@CR87]).Table 2Characteristics of brain metabolism studiesReferencePopulationStudy populationMMSEAnosognosia measurement instrumentNeuroimage techniqueFindingsInterestHCInterestHCHarwood et al., [@CR33]Mild to moderate AD41NA19.3 (6.7)NAInaccurate Insight item of the Neurobehavioral rating scaleFDG-PETHypometabolism in the right lateral frontal cortex associated with inaccurate insight.Salmon et al., [@CR77]Mild to moderate AD209NA21.0 (4.5)NAExperimental questionnaire for the NEST-DDFDG-PETHypometabolism in the orbital prefrontal cortex and medial temporal structures.Nobili et al., [@CR58]aMCI aware vs unaware17 aMCI unaware2928.1 (1.6)29.2 (1.1)Memory Complaint QuestionnaireFDG-PETCorrelation between hypometabolism and awareness in bilateral posterior cingulate cortex and inferior parietal lobule, middle cingulate cortex, precuneus and angular gyrus in left hemisphere among aMCI group. Hypometabolism in precuneus, inferior parietal lobe and superior occipital gyrus in the left hemisphere and inferior parietal lobe, angular gyrus and middle temporal gyrus in the right hemisphere in aMCI/unaware compared to controls. Hypometabolism in bilateral temporal lobe in aMCI/aware compared to controls. Hypometabolism in inferior parietal lobule, angular gyrus, and superior temporal gyrus in the left hemisphere in aMCI/unaware versus aMCI/aware.25 aMCI aware28.0 (1.7)Jedidi et al., [@CR40]"early" AD3725NANAKlein and colleagues' personality traits questionnaireFDG-PETHypoactivation of the dorsomedial prefrontal cortex is negatively correlated with anosognosia for current personality traits.Sultzer et al., [@CR87]AD80NA19.3 (5.1)NAInaccurate insight item of Neurobehavioral Rating ScaleFDG-PETHypometabolism in bilateral medial frontal cortex correlated to poorer insight according to the Neurobehavioral Rating Scale inaccurate insight item.Garretsen et al., 2017AD and MCI191 AD37222.4 (3.0)29 (1.3)Everyday Cognition scaleFDG-PETHypometabolism in posterior cingulate cortex and right angular gyrus in AD.499 MCI28.1 (1.7)Therriault et al., [@CR91]MCI175 aMCI unawareNANANAEveryday Cognition scaleFDG-PETHypometabolism in the posterior cingulate cortex, left basal forebrain, bilateral temporal lobes, and right lateral temporal lobe associated withimpaired awareness in aMCI over 24 months.293 aMCI awareNA*AD* Alzheimer's disease, *aMCI* amnestic mild cognitive impairment, *FDG-PET* 18F-fluorodeoxyglucose positron emission tomography, *HC* healthy controls, *MMSE* Mini-mental state examination, *NA* Not applicable or not available, *NEST-DD* Network for Efficiency and Standardization of Dementia Diagnosis

The experimental questionnaire used by Salmon and colleagues (Salmon et al., [@CR77]) studies multiple symptoms associated with dementia and uses a discrepancy score between the self-evaluation score from the AD patient and the informant total score. The Memory Complaint Questionnaire is a six questions self-evaluation questionnaire designed to evaluate memory decline associated with aging by comparing the present and past status of daily activities and global memory functions (Crook, Feher, & Larrabee, [@CR15]). The Klein and colleagues' personality traits questionnaire assesses the patient's ability to judge their own personality in the present and obtains the difference in score with the informant's responses about the patient's personality traits (Jedidi et al., [@CR40]). The Everyday Cognition Scale measures global as well as specific cognitive functions (e.g. episodic memory and planning) based on the perception of present cognitive abilities compared to those same abilities 10 years earlier.

### Brain Activation {#Sec9}

Brain activation was explored through task-related fMRI by four studies. The first study uses a self-appraisal task (Ries et al., [@CR73]), while the second study uses a personality self-appraisal versus other-appraisal task (Ruby et al., [@CR76]). The third study explores activation using an inhibition task (Amanzio et al., [@CR2]), while the last study used a cognitive, behavioral and physical trait self-appraisal versus other-appraisal task (Zamboni et al., [@CR107]). A summary of fMRI brain activation study characteristics may be found in Table [3](#Tab3){ref-type="table"}. These studies include a vast population spectrum, ranging from a general disease perspective comparing AD patients to both healthy old and young controls (Ruby et al., [@CR76]) to a specific population selection by comparing AD patients with and without anosognosia (Amanzio et al., [@CR2]). MCI patients were also studied by Ries and colleagues (Ries et al., [@CR73]) who compared MCI to healthy controls and Zamboni and colleagues (Zamboni et al., [@CR107]) who compared AD and MCI patients to healthy controls. The cognition screening instruments used were Mini mental state examination (Amanzio et al., [@CR2]; Ries et al., [@CR73]; Zamboni et al., [@CR107]), Clinical Dementia Rating (Ruby et al., [@CR76]), and Montreal Cognitive Assessment (Zamboni et al., [@CR107]). Anosognosia Questionnaire for Dementia was used to assess anosognosia by two articles (Amanzio et al., [@CR2]; Zamboni et al., [@CR107]), the Klein and colleagues' personality traits questionnaire by one article (Ruby et al., [@CR76]), and the Informant Questionnaire on Cognitive Decline in the Elderly by another (Ries et al., [@CR73]). The Informant Questionnaire on Cognitive Decline in the Elderly is a 16-item instrument that rates the patient's cognitive changes in the last 10 years and assesses awareness is a discrepancy score between the patient and the informant, like the Anosognosia Questionnaire for Dementia (Jorm, [@CR42]).Table 3Characteristics of brain activation studiesReferencePopulationStudy populationMMSEAnosognosia measurement instrumentNeuro image techniqueFindingsInterestHCInterestHCRies et al., [@CR73]MCI161627.4 (2.2)29.7 (0.4)IQCODESelf-appraisal task fMRIAttenuated activation of mPFC and PCC.Ruby et al., [@CR76]AD vs healthy controls; young controls vs elderly controls1417NANAPersonality awareness score (Klein and colleagues' personality traits questionnaire)Personality self-appraisal versus other appraisal task fMRIIntraparietal sulcus activated during self-processing; a region involved in familiarity-based retrieval of information. Impaired third-person perspective taking associated with increased activation of prefrontal cortex.17 youngAmanzio et al., [@CR2]AD with vs without anosognosia14 AD with anosognosiaNA22.2 (2.0)NAAQ-DInhibition task (go-no go) fMRIReduced activation of the right post-central gyrus (BA 2), right parietotemporal-occipital junction (BA 39) and the left temporal gyrus (BA 21 and BA 38), striatum and cerebellum. Activation of posteriormedial parietal areas15 AD without anosognosia22.5 (2.2)Zamboni et al., [@CR107]1.AD vs MCI17 AD1722.2 (3.0)29.9 (0.7)AQ-DCognitive, behavioral and physical self-appraisal versus other appraisal task fMRIAD patients with decreased functional activation of medial prefrontal and anterior temporal cortices; specific for self but not for other appraisal task. MCI patients' activation like controls.17 MCI26.8 (1.4)*AD* Alzheimer's disease, *AQ-D* Anosognosia Questionnaire Dementia, *BA* Brodmann area, *fMRI* functional magnetic resonance imaging, *HC* healthy controls, *IQCODE* Informant Questionnaire on Cognitive Decline in the Elderly, *mPFC* medial prefrontal cortex, *MCI* mild cognitive impairment, *MMSE* Mini-mental state examination, *NA* Not applicable or not available, *PCC* posterior cingulate cortex

### Brain Connectivity {#Sec10}

Brain connectivity was investigated by four articles (Berlingeri et al., [@CR5]; Perrotin et al., [@CR67]; Ries et al., [@CR74]; Vannini et al., [@CR96]). A summary of brain connectivity study characteristics may be found in Table [4](#Tab4){ref-type="table"}. The functional neuroimaging techniques used by the three connectivity studies were self-appraisal task fMRI (Ries et al., [@CR74]) and resting state fMRI (Berlingeri et al., [@CR5]; Perrotin et al., [@CR67]; Vannini et al., [@CR96]). All of the previous studies used region of interest connectivity analysis. The populations studied in these three articles ranged from mild AD patients (Perrotin et al., [@CR67]), and amnestic MCI patients (Vannini et al., [@CR96]), to a mixture of mild AD and MCI patients (Ries et al., [@CR74]), and AD patients with and without anosognosia (Berlingeri et al., [@CR5]). The cognition screening instruments used were the Clinical Dementia Rating (Ries et al., [@CR74]), the Mini mental state examination (Berlingeri et al., [@CR5]; Perrotin et al., [@CR67]), and a combination of the Mini mental state examination and Clinical Dementia Rating (Vannini et al., [@CR96]).Table 4Characteristics of brain connectivity studiesReferencePopulationStudy populationMMSEAnosognosia measurement instrumentNeuro image techniqueFindingsInterestHCInterestHCRies et al., [@CR74]AD/MCI5 AD1225\* \[17--30\]30\* \[29--30\]Memory Awareness Rating ScaleSelf-appraisal task fMRIAttenuated functional connectivity between mPFC and proximal areas, bilateral dorsolateral prefrontal cortex, bilateral caudate and left posterior hippocampus.7 MCI25\* \[17--30\]Berlingeri et al., [@CR5]AD with vs without anosognosia10 with anosognosia1524.5 (2.92)28.87 (1.25)AQ-DrsfMRIReduced functional connectivity within DMN, within network comprised of the lateral temporal cortex, the hippocampus and the insula, and reduced connectivity between hippocampus and insular cortex.8 without anosognosiaPerrotin et al., [@CR67]AD233021.52 (4.62) \[12--29\]29.17 (0.83) \[28--30\]Self-Rating Scale of Memory FunctionrsfMRI/ FDG-PETHypometabolism in orbitofrontal (OFC) and posterior cingulate (PCC) cortices; reduced intrinsic connectivity between OFC and medial temporal lobe (MTL) and PCC and MTL.Vannini et al., [@CR96]aMCI3125127.1 (1.9)28.9 (1.1)Memory Functioning QuestionnairersfMRI/ FDG-PETHypometabolism in precuneus and hippocampus. Reduced functional connectivity between precuneus and bilateral inferior parietal lobes (IPL), left PCC, left OFC. Reduced functional connectivity between right hippocampus and left MTL and right fusiform gyrus.*AD* Alzheimer's disease, *AQ-D* Anosognosia Questionnaire Dementia, *DMN* default mode network, *FDG-PET* 18F-fluorodeoxyglucose positron emission tomography, *fMRI* functional magnetic resonance imaging, *HC* healthy controls, *MCI* mild cognitive impairment, *MMSE* Mini-mental state examination; *rs-fMRI* resting state fMRI\*Median and range

The measurement instruments used to assess anosognosia were the Anosognosia Questionnaire for Dementia (Berlingeri et al., [@CR5]), the Memory Awareness Rating Scale (Ries et al., [@CR74]), and a discrepancy score derived from the Self-Rating Scale of Memory Function (Perrotin et al., [@CR67]) and the Memory Functioning Questionnaire (Vannini et al., [@CR96]). The Memory Awareness Rating Scale is a psychometric test that assesses awareness of the patient's ability to perform memory tasks during everyday activities by calculating a discrepancy score between the patient's self-appraisal score and an informant's parallel questionnaire score (Clare, Wilson, Carter, Roth, & Hodges, [@CR11]). The discrepancy score is an anosognosia index that is calculated by the subtraction of standardized objective from subjective memory scores with the resulting outcome indicating the degree of anosognosia, represented by negative values (Dalla Barba et al., [@CR16]).

Functional Neural Correlates {#Sec11}
----------------------------

### Brain Perfusion {#Sec12}

Observational anosognosia SPECT studies provide an understanding of how the awareness gradient in the general AD population relates to brain perfusion. However, case-control studies employ selective sampling comparing aware versus unaware of memory deficits patient groups, thus presenting accentuated between-group differences. Three observational studies correlated awareness performance and regional cerebral blood flow in the AD population. Altogether, anosognosia is associated with hypoperfusion in bilateral frontal regions (Derouesné et al., [@CR24]), the right dorsolateral frontal lobe (Reed et al., [@CR71]) and bilateral, superior, medial, inferior frontal and orbitofrontal cortex (Shibata et al., [@CR79]). Another observational study, incorporating both mild AD and amnestic MCI patients, reported hypoperfusion of right inferior frontal gyrus in AD and amnestic MCI patients associated with impaired awareness of memory deficits (Vogel et al., [@CR97]). Impaired recognition memory and recognition performance correlated negatively with regional cerebral blood flow in the medial frontal lobe, inferior frontal lobe, and right precuneus in AD patients when compared to healthy controls (Mimura & Yano, [@CR53]). Four studies compare AD patients with and without anosognosia (Sedaghat et al., [@CR78]; Starkstein et al., [@CR86]; Tagai et al., [@CR89]) or aware versus unaware of memory deficit patients (Hanyu et al., [@CR32]). AD patients with anosognosia exhibit hypoperfusion in the bilateral medial temporal regions, right inferior parietal cortex and right parietotemporal cortex (Sedaghat et al., [@CR78]), right frontal inferior and superior areas (Starkstein et al., [@CR86]), and right prefrontal cortex (Tagai et al., [@CR89]). Compared to AD patients without anosognosia, patients unaware of memory deficits show hypoperfusion in the inferior, medial and orbital frontal lobes and anterior cingulate gyri (Hanyu et al., [@CR32]). The last SPECT study included in this review compares AD and ischemic vascular dementia patients, reporting that vascular dementia patients showed hypoperfusion in frontal regions and basal ganglia compared with AD patients (Starkstein et al., [@CR83]).**Summary:** In MCI patients, anosognosia is associated with hypoperfusion in the bilateral lateral and medial frontal lobes, the bilateral anterior cingulate cortex and cingulate gyri, and the left inferior parietal region. Unawareness of memory deficits in MCI is correlated to lower perfusion in the right inferior frontal gyrus. In AD patients, hypoperfusion in the right frontal lobe, the right inferior parietal, bilateral medial temporal cortex, right prefrontal cortex and hyperperfusion of left temporo-parietal junction is observed when anosognosia of memory deficits is present. In regard to unawareness of memory deficits in mild to moderate AD, hypoperfusion is observed in the frontal regions bilaterally, the right dorsolateral frontal lobe, the right precuneus, and right inferior frontal gyrus.

### Brain Metabolism {#Sec13}

The neurobiological substrate of impaired insight in AD patients can also be studied through glucose brain metabolism. MCI patients are included in three studies (Gerretsen et al., [@CR30]; Nobili et al., [@CR58]; Therriault et al., [@CR91]). One 18F fluorodeoxyglucose PET study included early AD patients (Jedidi et al., [@CR40]), two studies included mild to moderate AD patients (Harwood et al., [@CR33]; Salmon et al., [@CR77]), and one study considered mild to severe AD patients (Sultzer et al., [@CR87]). A significant association between inaccurate insight and hypometabolism in AD patients was found in the right lateral frontal lobe (Harwood et al., [@CR33]). Salmon and colleagues (Salmon et al., [@CR77]) associate impaired self-evaluation with lower metabolic activity in the orbital prefrontal cortex and medial temporal structures in mild to moderate AD patients. In moderate to severe dementia, patients' lower cortical metabolic activity in the bilateral medial frontal cortex was associated with poorer insight according to the Neurobehavioral Rating Scale inaccurate insight item (Sultzer et al., [@CR87]). When brain metabolism was compared between early AD patients and healthy controls, hypoactivation of the dorsomedial prefrontal cortex (Jedidi et al., [@CR40]) and lower glucose metabolism in the posterior cingulate cortex (Gerretsen et al., [@CR30]; Perrotin et al., [@CR67]; Therriault et al., [@CR91]), the precuneus and the medial orbitofrontal cortex (Perrotin et al., [@CR67]) was found. Like early AD patients, when compared to healthy controls, amnestic MCI patients' show reduced metabolism in the bilateral posterior cingulate cortex and inferior parietal lobule (Gerretsen et al., [@CR30]; Nobili et al., [@CR58]). Furthermore, the left hemisphere showed reduced metabolism in the middle cingulate cortex, precuneus, and angular gyrus (Gerretsen et al., [@CR30]; Nobili et al., [@CR58]; Vannini et al., [@CR96]). Nobili and colleagues (Nobili et al., [@CR58]) also reported hypometabolism in the temporal lobe bilaterally when comparing amnestic MCI aware patients and healthy controls. Although aware versus unaware of memory deficits amnestic MCI patients shared extended low metabolic regions, unaware amnestic MCI patients showed distinct hypometabolism in these typical AD regions especially in the precuneus, inferior parietal lobe and superior occipital gyrus in the left hemisphere and inferior parietal lobe, angular gyrus and middle temporal gyrus in the right hemisphere (Nobili et al., [@CR58]). Lower metabolic activity is found in the inferior parietal lobule, angular gyrus, and superior temporal gyrus in the left hemisphere in unaware amnestic MCI patients when compared to aware amnestic MCI patients (Nobili et al., [@CR58]). When compared to healthy controls, patients with MCI and anosognosia have hypometabolism in the right hippocampus and precuneus (Vannini et al., [@CR96]). Hypometabolism in the left basal forebrain, bilateral temporal lobes, and right lateral temporal lobe is associated with impaired awareness in amnestic MCI patients who develop anosognosia over a period of 24 months (Therriault et al., [@CR91]). Furthermore, poor awareness of cognitive deficit has been associated with subsequent conversion to AD (Spalletta et al., [@CR81]).**Summary**: In MCI patients, anosognosia is associated with hypometabolism of the posterior cingulate cortex, precuneus, right hippocampus, bilateral temporal cortex, left inferior parietal lobule, the left angular gyrus, and the left superior temporal gyrus. Meanwhile, lower glucose metabolism in the left precuneus, left inferior parietal lobe and left superior occipital gyrus, right inferior parietal lobe, right angular gyrus, and right middle temporal gyrus are correlated to unawareness of memory deficits in MCI. In AD patients, anosognosia is associated with hypometabolism in posterior cingulate cortex and right angular gyrus. Unawareness of memory deficits in mild to moderate AD is correlated to hypometabolism of the bilateral medial prefrontal cortex, bilateral orbitofrontal cortex and posterior cingulate cortices, the right lateral frontal cortex, the right parahippocampal cortex, the right gyrus rectus, the right middle temporal cortex, left superior frontal sulcus, left dorsomedial prefrontal cortex.

### Brain Activation {#Sec14}

Brain activation evaluated with fMRI can be achieved through resting state and task-related functional neuroimaging. Execution of self-processing tasks, provides contrasting evidence to resting state fMRI data in dementia patients with anosognosia, as increased activation is observed in the former, rather than hypoactivation observed in the latter. During self-processing, mild AD patients compared to healthy controls have increased activation of the intraparietal sulcus, a region involved in retrieval of familiar information assessed through a self-personality awareness task (Ruby et al., [@CR76]). Furthermore, this study also reports the association of impaired third-person perspective taking with increased activation of the prefrontal cortex (Ruby et al., [@CR76]). MCI patients with reduced insight show attenuated medial prefrontal cortex and posterior cingulate cortex activity compared to controls during a self-appraisal task. However, fMRI activation and level of self-awareness are not correlated to the level of cognitive impairment (Ries et al., [@CR73]). AD patients with anosognosia have reduced activation in the medial prefrontal cortex during a self-appraisal task compared to MCI patients and healthy controls. Concurrently, AD patients fail to activate the anterior temporal lobe during self-appraisal (Zamboni et al., [@CR107]). In AD patients with anosognosia performing a binary classification task, reduced activation is reported in the cingulofrontal and parietotemporal regions compared with AD patients without anosognosia (Amanzio et al., [@CR2]).**Summary**: In MCI, unawareness of memory deficits is correlated with lower activation in the bilateral medial prefrontal and posterior cingulate cortices. Meanwhile, anosognosia is associated with hypoactivation in the right postcentral gyrus, right parietotemporal and parietooccipital junction and the left temporal gyrus, striatum and cerebellum for case-control studies in mild to moderate AD patients. In mild to moderate AD, hypoactivation of the bilateral dorsomedial prefrontal cortex, bilateral medial prefrontal cortex, bilateral anterior temporal cortices and hyperactivation of intraparietal sulcus are correlated to unawareness of memory deficits.

### Brain Connectivity {#Sec15}

Compared to healthy controls, dementia patients with anosognosia have reduced within-network functional connectivity in the lateral middle temporal cortex network (i.e. superior frontal gyrus, precentral gyrus, supplementary motor area, insular cortex, postcentral gyrus, superior parietal gyrus, middle cingulum, paracentral lobule, precuneus, superior temporal pole, superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus, amygdala, parahippocampal gyrus, anterior hippocampus, middle hippocampus, lingual gyrus, thalamus, putamen and cerebellum). While dementia patients without anosognosia have reduced within-network functional connectivity in the default mode network, compared to healthy controls (Berlingeri et al., [@CR5]). Reduced functional connectivity between precuneus and bilateral inferior parietal lobes, left posterior cingulate cortex, and left orbitofrontal cortex was reported in patients with amnestic MCI and anosognosia when compared to healthy controls (Vannini et al., [@CR96]). Reduced between-network functional connectivity between the right hippocampus and left mediotemporal lobe and right fusiform gyrus is also found in amnestic MCI patients with anosognosia when compared to healthy controls (Vannini et al., [@CR96]). Reduced between-network functional connectivity is reported between the lateral middle temporal cortex network and the lateral temporal cortices, the medial temporal structures, the retrosplenial and midline structures, and the frontal and insular areas in dementia patients with anosognosia compared to AD patients without anosognosia and healthy controls. Additionally, anosognosia deficit severity was correlated to reduced functional connectivity between the lateral middle temporal cortex network and the middle hippocampal regions, and insular cortex (Berlingeri et al., [@CR5]). Interestingly, no correlation between severity of anosognosia and within-network functional connectivity in the default mode network is reported (Berlingeri et al., [@CR5]). Reduced connectivity between the medial temporal lobe and two regions, the orbitofrontal and posterior cingulate cortices, was associated in AD patients with anosognosia compared to healthy controls, suggesting a disconnection within and between the self-related and memory-related networks (i.e. default mode network; Perrotin et al., [@CR67]). Decreased connectivity between the medial prefrontal cortex and the posterior hippocampus is also reported in MCI and early AD patients with poor performance during self-appraisal task execution (Ries et al., [@CR74]). Although cortical regions of the default mode network have diminished functional connectivity with the medial prefrontal cortex, connectivity between the medial prefrontal cortex and the posterior cingulate cortex is not associated with anosognosia (Ries et al., [@CR74]).**Summary**: In MCI patients, anosognosia is associated with reduced functional within-network connectivity between the precuneus and bilateral inferior parietal lobes, left posterior cingulate cortex, left orbitofrontal cortex and reduced functional connectivity between the right hippocampus and left medial temporal cortex and right fusiform gyrus. While in mild to moderate AD patients reduced functional connectivity within the default mode network and reduced connectivity between the hippocampus and insular cortex is associated with anosognosia. In mild to moderate AD, unawareness of memory deficits is correlated to attenuated within-network connectivity in the medial prefrontal cortex and proximal areas. Reduced between network connectivity among the orbitofrontal cortex and the middle temporal cortex, and between the posterior cingulate cortex and the middle temporal cortex is also observed in mild to moderate AD.

Discussion {#Sec16}
==========

The neural correlates of impaired self-awareness have previously been reviewed focusing on the role of the mediotemporal lobe in neurodegenerative diseases (Chavoix & Insausti, [@CR9]) and on the cortical midline structures and the default mode network in AD (Weiler et al., [@CR101]). While a previous review focused on the cumulative evidence from structural and functional neuroimaging studies (Zamboni & Wilcock, [@CR108]), the current review includes updated data and discusses anosognosia and unawareness of memory deficits from both a group comparative and correlational perspective. First, available neuroimaging evidence was reported by neuroimaging technique as each technique has its own advantages and limitations. Secondly, since the aim of this review was to identify the brain perfusion patterns, activation regions, and network connectivity characteristics that distinguish AD and MCI patients with anosognosia from healthy controls, and AD and MCI patients without anosognosia, the results were evaluated not only by stage of cognitive decline (i.e. MCI or early AD) but also by how unawareness of memory deficits or anosognosia was presented (i.e. dichotomization into two groups, with anosognosia or without anosognosia, and correlation of awareness to brain perfusion, metabolism, activation or connectivity). The secondary aim of this review was to compare brain activation patterns between AD and MCI patients with anosognosia and to identify regional brain activation differences between self-appraisal task execution and resting state. In this manner, self-related processing in AD might provide insights into the underpinnings of anosognosia.

Anosognosia and Neuroimaging in AD {#Sec17}
----------------------------------

Study design plays a key role in how the observed outcome is interpreted in dementia patients with anosognosia. Case-control studies comparing MCI or AD patients with anosognosia (the cases) to MCI or AD patients without anosognosia (the controls) allow for a dichotomized comparison of awareness of memory deficits. This approach has the advantage of detecting specific regional differences in regard to the neural correlates of anosognosia, yet with limited capacity to assess awareness of memory deficits continuously. In contrast, studies that correlate awareness to indirect measures of neural activity (i.e. neuroimaging outcomes), rather than unawareness status, provide a continuous look into anosognosia. Nonetheless, with a limited proficiency to differentiate cases from controls.

### Changes in Perfusion and Metabolism Related to Anosognosia {#Sec18}

The frequency of anosognosia, as well as the degree of frontal lobe dysfunction through neuropsychological evaluation, increases with disease progression (Yoon et al., [@CR106]). In support of these findings, the SPECT studies reviewed here have consistently reported decreased perfusion in the frontal lobes in AD patients with anosognosia compared to those without anosognosia (Hanyu et al., [@CR32]; Starkstein et al., [@CR86]; Sedaghat et al., [@CR78]; Tagai et al., [@CR89]), compared to healthy controls (Mimura & Yano, [@CR53]), and when perfusion is correlated to unawareness (Derouesné et al., [@CR24]; Reed et al., [@CR71]; Shibata et al., [@CR79]; Vogel et al., [@CR97]). While brain perfusion SPECT studies primarily identify anosognosia in AD and amnestic MCI as a frontal lobe dysfunction, the18F fluorodeoxyglucose PET studies reviewed above show involvement of the cortical midline structures (Gerretsen et al., [@CR30]; Nobili et al., [@CR58]; Salmon et al., [@CR77]; Therriault et al., [@CR91]; Vannini et al., [@CR96]) in the first stages of AD and dysfunction of the frontal lobe in later stages (Harwood et al., [@CR33]; Jedidi et al., [@CR40]; Sultzer et al., [@CR87]). This pattern of disease progression parallels the histological changes described by Braak and Braak ([@CR7]) where the mediotemporal lobe is first affected, followed by the posterolateral cortical regions and affecting the frontal cortex later (Bokde, Ewers, & Hampel, [@CR6]). Although SPECT studies on anosognosia show a predominance of frontal lobe dysfunction, differences among the brain perfusion areas associated with unawareness of memory deficit could be related to the AD population spectrum included and the diversity of anosognosia measurement instruments. Patients included in the reviewed SPECT studies range from amnestic MCI to moderate AD patients and while most studies used an anosognosia measurement instrument, a couple of studies depended exclusively on the examiner's judgment. This is a validated screening method for anosognosia but not quantifiable as a self-appraisal instrument or task. Addressing the vascular component of brain perfusion differences in dementia patients, Starkstein and colleagues (Starkstein et al., [@CR83]) report reduced perfusion in vascular dementia compared to AD patients. This finding highlights the association between increased frontal dysfunction and a vascular dementia pathology in some patients with anosognosia.

### Changes in Activation and Connectivity Related to Anosognosia {#Sec19}

Comparable to brain metabolism studies, reviewed activation and connectivity studies generally show decreased activation in and connectivity with the cortical midline structures, in particular, the medial prefrontal cortex and the posterior cingulate cortex associated with anosognosia in MCI and AD. The implementation of a self-appraisal task results in consistent hypoactivation (i.e. bilateral precuneus, bilateral hippocampus, orbitofrontal cortex and posterior cingulate cortex, medial frontal lobe, right inferior frontal gyrus, left inferior parietal lobule, left angular gyrus, and left superior temporal gyrus) in patients with anosognosia or impaired awareness of memory deficits. A spatial mentalizing gradient has been proposed by Denny, Kober, Wager, and Ochsner ([@CR23]), where self-related judgments activate the ventral medial prefrontal cortex and other-related judgments activate the dorsal medial prefrontal cortex. A functioning network involving the medial prefrontal and anterior temporal cortices is necessary for correct and updated personal information relating to the "petrified self" hypothesis (i.e. where memory impairment produces an aberrant personal information update) associated with self-awareness (Mograbi, Brown, & Morris, [@CR54]; Morris & Mograbi, [@CR57]). Furthermore, AD patients with anosognosia preserve the ability to judge others, adding to the interpretation of the medial prefrontal cortex as a key component of a neuronal system implicated in updating self-awareness (Zamboni et al., [@CR107]). It has been previously recognized that the medial prefrontal and anterior temporal cortices are involved in self-awareness in evaluative processes, in self-judgment within social contexts, and in the long term assessment of the self (Zamboni et al., [@CR107]).

Recently, incorporating other-related tasks has added value to the study of anosognosia. AD patients failed to activate the anterior temporal lobe during self-appraisal (Zamboni et al., [@CR107]). While the anterior temporal lobes have been associated with semantic memory and conceptual knowledge, other theories identify these regions as an auxiliary of the social cognition system to support learning facts about others (Zamboni et al., [@CR107]). The lateral middle temporal cortex network, middle hippocampal regions, and insular cortex have been linked with retrieval of personal memories, planning, episodic memory recall, episodic future thinking, mind wandering and episodic buffer for working memory (Berlingeri et al., [@CR5]). Self-reference effect refers to the phenomenon that explains why, in healthy individuals, retrieval of information is more accurate when the information is encoded about the self, rather than related to other people (Symons & Johnson, [@CR88]). Self-reference recollection effect alludes to recollection-based retrieval of information that has been previously associated with the self (Conway, Dewhurst, Pearson, & Sapute, [@CR14]; Conway & Dewhurst, [@CR13]). The self-reference effect and self-reference recollection effect provide a theoretical viewpoint attempting to explain the interaction between self-reference retrieval processes and memory within the Self-Memory System conceptual context.

The "petrified self" hypothesis proposes that memory impairment produces an aberrant personal information update (Mograbi et al., [@CR54]; Morris & Mograbi, [@CR57]). Northoff and colleagues propose a hierarchical framework of cortical regions related to the concept of self. In this framework, the sensory cortex is involved with sensory processing which belongs to the domain of the body called the "proto" or "bodily" self (Northoff et al., [@CR59]; Northoff, Qin, & Feinberg, [@CR60]). Self-referential processing is the cognitive process associated with bodily, mental or autobiographical self-related stimuli (Northoff et al., [@CR60]). A dysfunction of the episodic and semantic memory retrieval process could be affecting the Self-Memory System. A possible mechanism could involve the sensory cortex, especially the anterior cortical midline structures, which mediate a bottom-up modulation of medial cortex activity, involved in self-referential processing. This dysfunction of the Self-reference effect and Self-reference recollection effect leads to failure to activate the core self during encoding of self-referential processing leading in turn to anosognosia of memory deficits (Northoff et al., [@CR59]).

Coherence, a process during autobiographical recall where memories are reconfigured during retrieval to support our current beliefs and goals, is a principle that shapes memory construction (Conway, [@CR12]; El Haj, Antoine, Nandrino, & Kapogiannis, [@CR25]). The disruption of this episodic-autobiographical memory is another possible mechanism involved in the disruption of episodic and semantic memory as possible sources of anosognosia. The self, autonoetic consciousness and episodic-autobiographical memory are intimately related (Markowitsch & Staniloiu, [@CR49]). Episodic-autobiographical memory is hypothesized to be the conjunction of subjective time, autonoetic consciousness and the experiencing of the self (Markowitsch & Staniloiu, [@CR49]). Autonoetic consciousness reflects the capacity of continued existence, providing a sense of continuity and identity within a personal life history (Vandekerckhove & Panksepp, [@CR95]). Autonoetic consciousness can be constituted of explicit self-awareness or the explicit awareness of something or someone in the past and future time-space contexts (Vandekerckhove & Panksepp, [@CR95]). For further information regarding proposed theories describing the characterization of the underlying processes and the associated neuroanatomy on the recollection of episodic memory as a reconstructive process, planning and imagination, we refer to the review by Hassabis and Maguire ([@CR35]).

Self-related processing establishes the relation between organism and stimulus and alludes to stimuli that are experienced as strongly related to one's own person, not to be confused with "insight", which integrates cognitive and reflective functions (Northoff et al., [@CR59]; Northoff et al., [@CR60]). Higher order processing interacts with self-referential processing in the lateral prefrontal cortex, where the stimuli filtered by the self-referential processing are encoded (Northoff et al., [@CR59]). This interaction between the self and memory processes seems altered in mild AD patients (Genon et al., [@CR29]). A recent study investigating the association between scale-free dynamics of resting state fMRI activity and self-consciousness in healthy young individuals, reports a positive correlation between medial prefrontal cortex activity and self-consciousness (Huang, Obara, Davis 4th, Pokorny, & Northoff, [@CR36]). Furthermore, Huang and colleagues (Huang et al., [@CR36]) provide evidence of a direct relationship between resting state activity (i.e. spontaneous brain activity) and self-consciousness, providing evidence of the "rest-self" overlap in the medial prefrontal cortex (Huang et al., [@CR36]). Increasing evidence associates self-relevant judgments to the ventral medial prefrontal cortex, while the dorsal medial prefrontal cortex seems to play a role in making judgments about the external world (Denny et al., [@CR23]). Furthermore, decreased gray matter volume in the right ventrolateral prefrontal cortex, an area involved in generating and maintaining working memory, has been associated to reduced self-reflectiveness in patients with schizophrenia (Orfei, Piras, Macci, Caltagirone, & Spalletta, [@CR63]). These structural changes highlight the role of the prefrontal cortex in self-referential processes beyond neurodegenerative disorders. Greater activation in the angular gyrus was found in controls compared to a group of early AD and MCI patients performing a self-referential processing judgment task, suggesting that the greater the activity the better the recognition of self-processed items (Gaubert et al., [@CR28]).

Changes in activation and connectivity have also been recently studied in MCI with anosognosia. A meta-analysis of MCI patients and patients with subjective cognitive complaints showed that MCI patients have knowledge of their neuropsychological deficits and that their level of awareness is linked to several cognitive capacities. Interestingly, an association between awareness and neuropsychological functioning is present only after a certain threshold of cognitive deterioration is reached (Piras et al., [@CR69]). The conjunction analysis of a visual episodic recognition task and an autobiographical self-appraisal task revealed that the posterior cingulate cortex is the sole region active during both tasks in healthy older adults, while only activation of the posterior cingulate cortex in the self-appraisal task is observed in MCI patients, suggesting functional deterioration during episodic retrieval (Ries et al., [@CR75]). Current theories of the role of the posterior cingulate cortex in cognitive function include modulation of arousal and awareness, controlling internally directed thought, mediation between internal and external attention and detection in environmental changes (Leech & Sharp, [@CR46]). The dorsal posterior cingulate cortex also shows strong connectivity with the default mode network and, due to its complex interactions with other intrinsic connectivity networks such as the left frontoparietal control network also share connectivity with parts of the dorsal attention network, a sensorimotor network and a salience network serving as a key node and network hub for cognitive function (Leech & Sharp, [@CR46]).

### Neural Correlates in Anosognosia and Associated with Unawareness of Memory Deficit in MCI are AD Patients {#Sec20}

Two distinct designs characterized the studies in this review, namely, those which compared brain activity (i.e. perfusion, metabolism, activation, and connectivity) in subjects with or without anosognosia and those which correlated awareness to brain activity. To summarize the results, a graphical representation of the neural correlates in MCI (Fig. [2](#Fig2){ref-type="fig"}) and AD (Fig. [4](#Fig4){ref-type="fig"}) patients with anosognosia was created with the assistance of the IMAIOS brain atlas of human anatomy with MRI (IMAIOS SAS, Montpellier, France) using the brain regions, brain coordinates or Brodmann areas extracted from reviewed articles. For the articles that correlated impaired awareness to brain activity, graphical representations of the neural correlates of unawareness of memory deficits in MCI (Fig. [3](#Fig3){ref-type="fig"}) and AD (Fig. [5](#Fig5){ref-type="fig"}) patients were created. The studies that compare MCI patients with and without anosognosia report hypoperfusion of the lateral and medial frontal lobes, the anterior cingulate and cingulate gyri in both hemispheres, and the left inferior parietal region (Fig. [2](#Fig2){ref-type="fig"}). These studies also report hypoactivation of the left inferior parietal lobule, left angular gyrus and left superior temporal gyrus (Fig. [2](#Fig2){ref-type="fig"}). The left inferior parietal region is the region of overlap in SPECT and PET studies included in this review. The studies that correlate awareness to brain activity in MCI patients contrast with studies comparing MCI patients with and without anosognosia. Studies that correlate awareness to brain activity in this patient group report hypoperfusion in the right inferior frontal gyrus, while also reporting hypometabolism in the left precuneus, left inferior parietal lobe, left superior occipital gyrus, right inferior parietal lobe, right angular gyrus and right middle temporal gyrus (Fig. [3](#Fig3){ref-type="fig"}). In addition, these studies report hypoactivation in the medial prefrontal cortex and posterior cingulate cortex in both hemispheres (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Graphical representation of the neural correlates of anosognosia, case-control studies, in mild cognitive impairment patients based on data from: Hanyu et al., [@CR32], Nobili et al., [@CR58], Therriault et al., [@CR91], Vannini et al., [@CR96]. Hypoperfusion in the bilateral lateral (LFL) and medial frontal (MFL) lobes, the bilateral anterior cingulate cortex (ACC) and cingulate gyri (CG), and the left inferior parietal region (IPL). Hypometabolism of the posterior cingulate cortex, precuneus (Pre), right hippocampus (Hip), bilateral temporal cortex (MTC), left inferior parietal lobule (IPL), the left angular gyrus (AG), and the left superior temporal gyrus (STG). Reduced functional within-network connectivity between precuneus (Pre) and bilateral inferior parietal lobes (IPL), left posterior cingulate cortex, left orbitofrontal cortex (OFC). Reduced functional connectivity between right hippocampus (Hip) and left medial temporal cortex (MTC) and right fusiform gyrus (not shown). **a** lateral view, **b** axial view, **c** sagittal view, and **d** coronal view. Hypoperfusion in red, hypometabolism in orange, reduced within-network connectivity in blue, and reduced between network connectivity in purpleFig. 3Graphical representation of the neural correlates of unawareness of memory deficits in mild cognitive impairment based on data from: Nobili et al., [@CR58], Ries et al., [@CR73], Vogel et al., [@CR97]. Hypoperfusion in the right inferior frontal gyrus (IFG). Hypometabolism in the left precuneus (Pre), left inferior parietal lobe (IPL) and left superior occipital gyrus (SOG), right inferior parietal lobe (IPL), right angular gyrus (AG) and right middle temporal gyrus (MTG). Hypoactivation in the bilateral medial prefrontal (mPFC) and posterior cingulate cortices (PCC). **a** lateral view, **b** axial view, **c** sagittal view, and **d** coronal view. Hypoperfusion in red, hypometabolism in orange, and hypoactivation in green

While data concerning MCI patients is limited, more studies have investigated the neural correlates of anosognosia and unawareness in AD patients. Comparisons between mild to moderate AD patients with anosognosia and AD patients without anosognosia report hypoperfusion in the right frontal lobe (frontal inferior, frontal superior, and prefrontal cortex), the right inferior parietal lobe, and bilateral medial temporal cortex (Fig. [4](#Fig4){ref-type="fig"}). At the same time, hypoactivation in the right postcentral gyrus, right parietotemporal and parietooccipital junction, and the left temporal gyrus, striatum, and cerebellum has also been reported in AD patients with anosognosia compared to AD patients without anosognosia (Fig. [4](#Fig4){ref-type="fig"}). Finally, reduced within-network functional connectivity in the default mode network (i.e. comprised of the lateral temporal cortex, the hippocampus, and the insula) and reduced between network connectivity between the hippocampus and insular cortex have been reported in AD patients with anosognosia when compared to cohorts without unawareness of memory deficits (Fig. [4](#Fig4){ref-type="fig"}). The studies that correlate unawareness to brain activity in AD patients report hypoperfusion of bilateral frontal regions (medial frontal and orbitofrontal cortex), the right dorsolateral frontal lobe, the right precuneus, and inferior frontal gyrus as unawareness of memory deficits progresses (Fig. [5](#Fig5){ref-type="fig"}). Hypometabolism of the bilateral medial frontal cortex, bilateral orbitofrontal and posterior cingulate cortices, the right lateral frontal cortex, the right parahippocampal cortex, the right gyrus rectus, the right middle temporal cortex, left superior frontal sulcus and left dorsomedial prefrontal cortex has also been related to reduced awareness (Fig. [5](#Fig5){ref-type="fig"}). Functional MRI studies correlating awareness and brain activity report hypoactivation of the bilateral dorsomedial prefrontal cortex, bilateral medial prefrontal and anterior temporal cortices in unawareness (Fig. [5](#Fig5){ref-type="fig"}). Regarding connectivity, attenuated within-network connectivity in the medial prefrontal cortex and proximal areas (bilateral dorsolateral prefrontal cortex, bilateral caudate, and left posterior hippocampus) was related to unawareness of memory deficits. Similarly, reduced connectivity between the orbitofrontal and the medial temporal cortices, and between the posterior cingulate cortex and the medial temporal cortex has been associated with unawareness in AD patients (Fig. [5](#Fig5){ref-type="fig"}). To summarize, among the regions that share changes in brain activity across functional neuroimaging techniques and study design as used in the studies reviewed here, are the bilateral temporal lobe, right frontal lobe, right medial prefrontal cortex, and right orbitofrontal cortex. Changes in within-network connectivity generally concern regions pertaining to the default mode network for both anosognosia group comparisons as well as correlation analysis of unawareness of memory deficits in AD patients.Fig. 4Graphical representation of the neural correlates of anosognosia, case-control studies, in mild to moderate AD patients based on data from: Amanzio et al., [@CR2], Berlingeri et al., [@CR5], Gerretsen et al., [@CR30], Sedaghat et al., [@CR78], Starkstein et al., [@CR86], Tagai et al., [@CR89]. Hypoperfusion in the right frontal lobe (FL, frontal inferior, frontal superior and prefrontal cortex), the right inferior parietal (IPL), bilateral medial temporal cortex (MTC), and right prefrontal cortex. Hyperperfusion of left temporoparietal junction (TPJ). Hypometabolism in posterior cingulate cortex and right angular gyrus (AG). Hypoactivation in the right postcentral gyrus (PCG), right parietotemporal and parietooccipital junction (POJ) and the left temporal gyrus (TG), striatum (Str) and cerebellum (Cer). Reduced functional connectivity within the default mode network (comprised of the lateral temporal cortex, LTC, the hippocampus, Hip, and the insula, IC), and reduced connectivity between the hippocampus and insular cortex. **a** lateral view, **b** axial view, **c** sagittal view, and **d** coronal view. Hypoperfusion in red, hyperperfusion in pink, hypoactivation in green, reduced within-network connectivity in blue, and reduced between network connectivity in purpleFig. 5Graphical representation of the neural correlates of unawareness of memory deficits in mild to moderate AD based on data from: Derouesné et al., [@CR24], Harwood et al., [@CR33], Jedidi et al., [@CR40], Mimura & Yano, [@CR53], Perrotin et al., [@CR67], Reed et al., [@CR71], Ries et al., [@CR74], Ruby et al., [@CR76], Salmon et al., [@CR77], Shibata et al., [@CR79], Sultzer et al., [@CR87], Zamboni et al., [@CR107]. Hypoperfusion of bilateral frontal regions (FL, medial frontal, medial prefrontal cortex, mPFC, and orbitofrontal cortex, OFC), the right dorsolateral frontal lobe (dLFL), the right precuneus (Pre) and right inferior frontal gyrus (IFG). Hypometabolism of the bilateral medial prefrontal cortex, bilateral orbitofrontal cortex and posterior cingulate cortices, the right lateral frontal cortex (LFC), the right parahippocampal cortex (PhC), the right gyrus rectus (GR), the right middle temporal cortex (MTC), left superior frontal sulcus (SFS), left dorsomedial prefrontal cortex. Hypoactivation of the bilateral dorsomedial prefrontal cortex, bilateral medial prefrontal cortex and bilateral anterior temporal cortices (ATC). Attenuated within-network functional connectivity in the medial prefrontal cortex and proximal areas \[bilateral dorsolateral prefrontal cortex (dLFL), bilateral caudate (Cau), and left posterior hippocampus (Hip)\]. Hyperactivation of intraparietal sulcus (IPS). Reduced between network connectivity among the orbitofrontal cortex and the middle temporal cortex, and between the posterior cingulate cortex and the middle temporal cortex. **a** lateral view, **b** axial view, **c** sagittal view, and **d** coronal view. Hypoperfusion in red, hypometabolism in orange, hypoactivation in green, hyperactivation in pink, reduced within-network connectivity in blue, and reduced between network connectivity in purple

### The Possible Role of Cortical Midline Structures in Anosognosia {#Sec21}

Cconsidering that the main components of anosognosia in early stages of AD might be associated with the failure of memory management of incoming information and self-assessment (Avondino & Antoine, [@CR4]), the cortical midline structures (i.e. medial prefrontal cortex, anterior cingulate cortex and posterior cingulate cortex) along with other brain regions part of the default mode network functional hubs (i.e. precuneus and angular gyrus) should have disrupted neuronal activity (e.g. metabolism and connectivity). The cortical midline structures are part of the self-referential processing and autobiographical-self network in healthy subjects and subjects between the ages of 18 and 50 (Northoff et al., [@CR59]; Araujo, Kaplan, & Damasio, [@CR3]). The medial prefrontal cortex, posterior cingulate cortex, and inferior parietal lobule have been proposed as the core-self regions of the default mode network, with the posterior cingulate cortex and inferior parietal lobule driving the self-related processes and the medial prefrontal cortex having regulatory gateway function (Davey, Pujol, & Harrison, [@CR17]). Strong overlap between stimulus induced activity in the cortical midline structures during self-referential processing and resting state activity in the default mode network exists (Northoff et al., [@CR60]). A study directly comparing brain regions activated by explicit self-reference during judgment of self-trait adjectives and rest conditions relative to a semantic task without self-reference attempts to discern this overlap (Whitfield-Gabrieli et al., [@CR102]). Explicit self-reference activated the dorsal medial prefrontal cortex, while the rest condition engaged the precuneus. Meanwhile, both self-reference and rest engaged the ventral medial prefrontal cortex and posterior cingulate cortex (Whitfield-Gabrieli et al., [@CR102]). Healthy older adults, MCI, and early AD patients also have activation of this self-referential processing and the autobiographical-self network (Gaubert et al., [@CR28]). Few studies have explored the association between autobiographical memory, self-knowledge, and anosognosia in AD, with judgment of self-relevant information tasks attempt to shed light on this topic (Morris & Mograbi, [@CR57]). Mild AD patients have poor retrieval of self-related and other-related items compared to healthy subjects, represented by the correlation between retrieval performance and functional brain activity (Genon et al., [@CR29]). Overall, we expect that activation patterns during self-appraisal for patients with anosognosia will also differ from patients without anosognosia, affecting regions previously associated with self-awareness, such as the cortical midline structures and other default mode network regions, earlier in MCI patients than AD patients with anosognosia.

From Neural Correlates to Network Architecture {#Sec22}
----------------------------------------------

The perfusion, metabolism and activation changes seen in MCI and AD patients with anosognosia and unaware of memory deficits, demonstrate a characteristic pattern. This pattern suggests the involvement of the cortical midline structures during initial stages of cognitive decline, reduced activity of parietotemporal structures in later stages and culminating in a frontotemporal dysfunction. This pattern follows a posterior to ventral along with an anterior to dorsal gradient, initiating at the posterior cingulate cortex, precuneus and angular gyrus progressing to the anterior cingulate and medial prefrontal cortices and ending with mediotemporal lobe and inferior parietal lobule involvement. To understand the differences from the expected outcome and finding from this review one must consider the population (i.e. AD or MCI, with or without anosognosia), the indirect measures of neural activity, and the study design. Based on the limited literature concerning the neural correlates measured in MCI patients with anosognosia (Fig. [2](#Fig2){ref-type="fig"}), reduced indirect neural activity is found in both cortical midline structures and parietotemporal structures. However, when studies correlating unawareness to indirect measures of neural activity (Fig. [3](#Fig3){ref-type="fig"}) are used to complement the case-control studies, the cortical midline structures (i.e. medial prefrontal cortex, anterior cingulate cortex and posterior cingulate cortex) but also other anatomical regions associated with the default mode network (i.e. precuneus, angular gyrus) show reduced indirect neural activity. Conventionally, the default mode network is studied through fMRI activation and connectivity studies. However, due to the insufficient fMRI evidence, perfusion and metabolic changes associated with the anatomical areas that comprise this network can be included as preliminary evidence. Regardless of the study design in the early AD population, the regions primarily affected at this stage of the cognitive decline continuum include the entire frontal lobe, mediotemporal lobe and the parietotemporal junction (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) in addition to the regions affected in MCI.

### Neural Correlates of Self-Appraisal {#Sec23}

Recently, attempts to underpin the brain regions related to the "self" have led to the implementation of self-appraisal task fMRI. Understanding the cognitive mechanisms and neural correlates of self-appraisal can provide insight into the topological network changes across the cognitive decline continuum. Hypoactivation of the medial prefrontal cortex and posterior cingulate cortex is reported in MCI against controls, evaluated for anosognosia with a self--appraisal task (Ries et al., [@CR73]). While more fMRI evidence is available in AD patients with impaired awareness of memory deficits, only two activation and connectivity case-control studies studying anosognosia (Fig. [4](#Fig4){ref-type="fig"}) and four correlating awareness to activation and connectivity (Fig. [5](#Fig5){ref-type="fig"}) were available at the time of this review. The results presented in the self-appraisal studies suggest decreased activation of the medial prefrontal cortex, anterior temporal cortex, and intraparietal sulcus (Ruby et al., [@CR76]; Zamboni et al., [@CR107]). Although the current evidence suggests differences in activation between AD or MCI and healthy controls, more evidence is needed exploring the differences between MCI and AD patients with anosognosia using self-appraisal task fMRI. Both indirect measures of neural activity (i.e. hemodynamic and metabolic) show changes in the presence of anosognosia, regardless of the way the phenomenon of unawareness of memory deficits is observed (i.e. study design). However, these neuroimaging techniques strongly depend on vascular factors that might account for regional localization differences. This review presents evidence from different neuroimaging techniques (i.e. SPECT, PET, and fMRI) but the results must be interpreted independently by the technique to correctly study the phenomenon of anosognosia in MCI and AD.

One way to explain the heterogeneity and overlap of the regions involved in anosognosia in different stages of cognitive decline is to understand that hemodynamic and metabolic neuroimaging biomarkers both are compromised by vascular dysregulation. Vascular dysregulation has been proposed as the initial pathologic event leading to late-onset AD with the multifactorial causal model of brain (dis) organization recently contesting the most cited model (i.e. hypothetical model of dynamic biomarkers) which tries to explain the temporal appearance of pathophysiological biomarkers associated to AD (Iturria-Medina et al., [@CR37]). While the hypothetical model of dynamic biomarkers (Jack et al., [@CR39]) introduces a possible temporal biomarker incidence model, it fails to reflect the multifactorial and interactive nature of biomarkers with different spatiotemporal scales (Iturria-Medina et al., [@CR38]).

### Network Dysfunction {#Sec24}

Effective connectivity refers explicitly to the influence that one neural system exerts over another. Functional MRI allows for the assessment of effective connectivity, which is associated to a model of interactions or coupling (Friston, [@CR27]). The cerebral disconnection syndrome hypothesis suggests that AD behavioral pathology is due to disturbances of the brain's effective connectivity, thereby affecting any task involving communication between brain regions (Delbeuck, Van der Linden, & Collette, [@CR21]; Vallet, Hudon, Simard, & Versace, [@CR94]). Bokde, Ewers and Hampel ([@CR6], p. 126), describe the disconnection syndrome hypothesis as "a disruption in the temporal-spatially coordinated activity among different regions in the brain rather than isolated changes in particular brain regions \[which\] may underlie cognitive impairment in AD". A few studies have attempted to test the disconnection syndrome hypothesis in AD using visual and auditory cross-modal effects, reporting impaired cross-modal integration during perceptual priming, hence supporting the disconnection syndrome hypothesis (Delbeuck, Collette, & Van der Linden, [@CR20]; Vallet et al., [@CR94]). The disconnection syndrome hypothesis (Delbeuck et al., [@CR20]; Vallet et al., [@CR94]) associated with the cascading network failure model could explain the connectivity changes seen throughout the cognitive decline continuum. The disconnection syndrome hypothesis suggests a coordinated activity disruption among different brain regions. However, the source (i.e. hemodynamic, metabolic or electrical) of these temporal-spatial correlational differences is currently under investigation. The cascading network failure model alludes to the disconnection effect proliferating to downstream nodes eventually leading to failure of the entire system (Jones et al., [@CR41]).

General Limitations {#Sec25}
-------------------

Anosognosia is a heterogeneous condition with more than one recognized etiology. A conceptual model of anosognosia based on the results presented in this review is not possible due to the heterogeneity of measures to assess awareness of memory deficits, impaired insight, and impaired self-appraisal. This heterogeneity of measures is the greatest limitation of this review, as not all selected studies focus on anosognosia for memory impairment. The interpretation of results presented in this review, regarding unawareness of memory deficits as a phenomenon relating to anosognosia, is also limited due to the heterogeneity of the methods used to assess anosognosia, as well as possible misclassification in the studies which dichotomize the population and the accuracy of the awareness staging in the studies which employ an awareness index. Given the vast quantity of awareness or unawareness measurement instruments, standardization and cross-validation of these instruments for the prodromal and clinical AD are needed.

Another limitation of this review concerns the distinction between the neural correlates of anosognosia and global disease progression. More functional neuroimaging studies employing memory tasks underpinning the role of attention and inhibition in patients with different stages of AD with anosognosia are thus needed. While absolute activity levels are not assessed by SPECT, as perfusion ratio measurements quantify relative perfusion (Reed et al., [@CR71]), the resting state paradigm, even in patients with dementia and anosognosia, fundamentally incorporates self-referential stimuli since it requires the subject to consciously or unconsciously be aware of body movement. Concurrently, the process of being scanned is a self-evaluative task, hence limiting self-reference assessment. In this review, insufficient evidence was found investigating the role of executive function deficits in AD with anosognosia. Deficits in attention and inhibition could be involved in the autobiographical decline in AD (El Haj et al., [@CR25]). Perfusion SPECT studies primarily identify anosognosia as a frontal lobe dysfunction, while PET studies report frontal lobe involvement as AD progresses. If attention is a frontal lobe function, attentional deficits in AD may contribute to autobiographical memory dysfunction (El Haj et al., [@CR25]). Furthermore, attentional deficits could be a confounding factor in functional neuroimaging studies. Small sample sizes limit multivariate regression models which are often used by PET studies included in this review.

Taking into consideration the limited evidence, the cerebral disconnection syndrome hypothesis and cascading network failure model can provide the conceptual framework to understand the functional neural correlates and topological network changes observed across the cognitive decline continuum. The current authors do not contend that unawareness of memory deficits results from a cerebral disconnection syndrome, as not all patients with anosognosia show aberrant communication between the cortical midline structures and the middle temporal regions. However, the brain regions affected in anosognosia of memory deficits show that regions associated with the self, memory retrieval and self-referential judgment are affected. In the case of anosognosia associated with AD and MCI, the disconnection syndrome hypothesis could explain functional connectivity changes, while the cascading network failure model provides a model of effective connectivity disruption associated with cognitive decline. However, at the moment there is insufficient evidence to make such assertions. Longitudinal studies evaluating self-awareness of memory deficits are necessary in order to evaluate whether anosognosia has an influence on disease progression from MCI to AD. Such studies would optimally implement appropriate diagnostic biomarkers or postmortem disease confirmation. Without longitudinal studies, the MCI cases included could be due to other etiologies (e.g. psychiatric, vascular or neurodegenerative) or even reflect the lack of diagnostic accuracy associated with a measurement error of neuropsychological tests. To explore causality between anosognosia and the order in which brain regions are affected, better designed connectivity studies comparing patients with and without anosognosia throughout the cognitive decline continuum are necessary. Better designed studies are also need to explore the association between unawareness of memory deficits and the disruption of brain regions involved in memory.

Conclusion {#Sec26}
----------

We found that the neural correlates of anosognosia and unawareness of memory deficits in patients with MCI and AD differ depending on the imaging technique. Brain perfusion SPECT studies primarily associate anosognosia in MCI and AD patients with frontal lobe dysfunction. In contrast, AD patients with anosognosia show cortical midline hypometabolism and frontotemporal dysfunction assessed though 18F fluorodeoxyglucose PET metabolism and fMRI activation and AD patients with anosognosia exhibit reduced within-network connectivity in the default mode network (i.e. the lateral temporal cortex, the hippocampus, and the insular cortex). In AD patients, attenuated within-network functional connectivity is associated with the decline of awareness of memory deficits in the lateral middle temporal cortex network. Furthermore, AD patients with anosognosia have reduced connectivity between the hippocampus and insular cortex, while unawareness of memory deficits is correlated with reduced between-network connectivity among the orbitofrontal and the medial temporal cortices, and among the posterior cingulate and the medial temporal cortices.
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